The furry (fry) gene was originally identified in 2001 as a Drosophila gene whose mutation causes morphological defects in wing hairs and bristles (1) . Since then, fry orthologous genes have been identified in diverse eukaryotic species, including yeast, plants, nematodes and mammals (Table I ). The fry gene and its orthologues encode large proteins consisting of more than 2,000 amino acid residues (e.g. fission yeast Tao3p has 2,198 residues, and human Fry has 3,013 residues). Fry proteins possess 56 regions that are appreciably conserved among species, and the most N-terminal conserved region, termed the Fry N-terminal domain (FND), consists of HEAT/Armadillo repeats ( Fig. 1A) (2) . Additionally, vertebrate Fry proteins are predicted to contain two leucine zipper motifs and a coiled-coil motif near to the C-terminus (3) . Besides these motifs, Fry proteins have no distinctive functional domains or motifs; thus, it is difficult to predict the functions of Fry proteins from their structures.
Fry proteins play crucial roles in various cellular processes, including cell polarization, division, morphogenesis, dendritic branching and tiling, spindle organization, and gene expression (27) . Genetic studies revealed that Fry genetically interacts with nuclear Dbf2-related (NDR) serine/threonine kinases (8, 9) , and NDR kinases are genetically linked to mammalian Ste20-like (MST)/Hippo serine/threonine kinases and mps one binder (MOB) proteins (10) . In most model organisms, the phenotypes of fry mutants are similar to those of NDR mutants, suggesting that Fry proteins and NDR kinases function in a common signalling pathway (11, 12) . Recent studies demonstrated that mammalian Fry proteins and NDR kinases are involved in mitotic spindle organization and chromosome alignment (13) . Furthermore, mammalian Fry is a microtubule (MT)-binding protein and appears to have NDR-independent functions, including activation of Polo-like kinase 1 (Plk1) and promotion of spindle MT acetylation in mitotic cells (1315) . Although the cellular functions and targets of NDR kinases have been extensively investigated (11, 12, 1618) , the mechanisms underlying the diverse cellular functions of Fry proteins are not well understood.
In this review, we summarize the current knowledge about the multifaceted functions of Fry and its orthologues, including the control of cell morphogenesis and polarity formation in yeast, epithelial morphogenesis and neuronal functions in nematode and fruit fly, and spindle organization, MT acetylation and transcriptional control in vertebrates.
phenotypes similar to those caused by NDR mutations. Fry proteins physically associate with NDR kinases and fry mutations result in a decrease in NDR kinase activity, indicating that Fry proteins serve as activators and/or scaffold proteins of NDR kinases. However, the molecular mechanisms by which Fry proteins regulate the activities and localizations of NDR kinases are not well understood. In this section, we describe the functions and behaviours of Fry proteins in yeast and invertebrates. Table I briefly summarizes the  protein names and functions Multiple roles of Furry and its orthologues mitosis (21) . Tao3p associates with Cbk1p and its upstream kinase Kic1p (an orthologue of MST kinase) and is required for Kic1p-mediated Cbk1p phosphorylation and activation (8, 26) . In tao3 mutants, Cbk1p can localize to the bud cortex and bud neck, but it also localizes to both the mother and daughter cell nuclei. These results indicate that Tao3p functions upstream of Cbk1p to support the activation and daughter cellspecific nuclear localization of Cbk1p.
Roles of Mor2 in the morphogenesis-related Orb6 network pathway in fission yeast
In Schizosaccharomyces pombe, cell morphogenesis is coordinately regulated with cell-cycle progression. The cell starts to grow in a monopolar manner, and thereafter, bipolar growth is triggered (termed new end take off). When poleward growth stops, the septum forms at the medial region, and then cell growth is directed towards the septum until the time of cytokinesis. Orb6p, an orthologue of NDR kinase in S. pombe, plays an essential role in the morphogenesis-related Orb6 network (MOR) pathway, the counterpart of the RAM pathway in budding yeast. The MOR pathway coordinately regulates cell morphology, cytoskeletal rearrangement and cell-cycle progression. Mor2p, an orthologue of Fry in S. pombe, is a component of the MOR pathway and is essential for the establishment of cell polarity and poleward cell growth ( Fig. 2B ) (5, 9) . Mutations in mor2 cause a round cell shape and a reduction in the kinase activity of Orb6p (9) . Orb6p is likely to be involved in cell polarization by spatially controlling Cdc42p activity via regulating the localization of Gef1p (Cdc42-GEF) to growing cell tips (27) . Mor2p binds to Orb6p and to its upstream Ste20-like kinase, Nak1p, and is essential for Orb6p activity (9) . The Nak1-Orb6 fusion protein can restore Orb6p kinase activity and normal cell morphology in mor2 mutants, suggesting that Mor2p functions as a scaffold to promote Nak1p-mediated Orb6p activation (28) . However, the interactions between Fry and Nak1p-related MST/Hippo kinases have not been reported in organisms other than yeast. Mor2p localizes to growing cell tips and then accumulates at the septation site. Mor2p is required for the localization of F-actin at growing cell tips, but not at the medial region. Mor2p localization at cell tips and the septation site is disrupted by latrunculin B, an inhibitor of actin assembly (5) 
Role of Fry in egg chamber elongation in fruit fly
Fry is also required for follicle cell planar polarity and egg chamber elongation in Drosophila. During development, egg chambers elongate along their anteriorposterior axes, and this elongation coincides with the planar polarization of the outer epithelial cell layer of the egg chamber, known as the follicle cells.
Mutations of the genes encoding Fry, Trc and Misshapen (Msn, a Ste20-like kinase) cause round rather than elongated egg phenotypes (32) . In these mutants, the planar organization of actin filaments at the basal surface of follicle cells is disrupted during the early stages of egg chamber elongation (32) . Trc shows a planar-polarized distribution at the basal surface of follicle cells. Thus, these three proteins of the FryTrc pathway likely function cooperatively during follicle cell planar polarity formation at the early stages of egg chamber elongation.
Roles of Sax-2 in dendritic termination and tiling in nematode During development, sensory neurons establish specific patterns of dendrite morphology to cover the receptive field completely but non-redundantly, similar to how tiles cover a floor. Dendritic 'tiling' is essential to precisely recognize the locations of stimuli and requires tight regulation of neurite extension, branching and termination. Caenorhabditis elegans Sax-1 and Sax-2 and Drosophila Trc and Fry (orthologues of NDR kinase and Fry, respectively) play essential roles in neuronal morphology, particularly dendritic termination, branching and tiling of sensory neurons (2, 7). The role of Sax-2 in C. elegans dendritic morphology is described in this section.
Caenorhabditis elegans sax-1 and sax-2 were identified as genes whose mutations cause ectopic neurite formation in various neurons during late larval stages, indicating roles for these genes in preventing excessive neurite formation (33) . In C. elegans, mechanosensation is predominantly mediated by non-overlapping anterior lateral microtubule (ALM) and posterior lateral microtubule (PLM) mechanosensory neurons (34) . They extend dendrites along each half of the anteriorposterior axis of the animal without overlapping to establish proper receptive fields to mechanical stimuli. In wild-type (WT) animals, the PLM neurite rapidly extends at early stages and transiently overlaps with the ALM neurite. The PLM neurite then grows more slowly than the animal growth, resulting in the resolution of the overlap between the ALM and PLM neurites (2) . In sax-1 and sax-2 mutants, the PLM neurite fails to slow its extension rate, resulting in a sustained overlap of the ALM and PLM neurites. Conversely, overexpression of Sax-2 causes premature PLM neurite termination, and thereby resulting in shortening of the PLM neurite (2). These results suggest that Sax-1 and Sax-2 are essential for establishing dendritic tiling of mechanosensory neurons by slowing the outgrowth of the PLM neurite. The phenotypes of sax-2 mutants are more severe than those of sax-1 mutants, and sax-1 mutation does not sufficiently suppress the PLM termination phenotype caused by Sax-2 overexpression, indicating that Sax-1 is not the only protein mediating the effect of Sax-2 (2). Genetic analysis in chemosensory neurons suggests that mutations in sax-1 and rhoA cause similar cell shape defects, possibly by affecting a similar process (35) . However, the molecular mechanism of Sax-1/Sax-2-mediated neurite termination and tiling remains unknown.
Roles of Fry in dendritic arborization and tiling in fruit fly Drosophila Trc and Fry play essential roles in dendritic arbolization and tiling. Drosophila dendrite arborization (da) sensory neurons exhibit tiling of their dendrites over the larval body wall. The da neurons are divided into four classes based on their dendritic morphology. The dendrites of neighbouring da neurons in the same class do not overlap with each other (tiling) and the dendrites of each da neuron also do not overlap with each other (self-avoidance). Mutations in fry or trc in class IV da neurons cause excessive terminal branching of dendrites and overlapping between dendrites of neighbouring neurons and between dendrites of each neuron, indicating that Fry and Trc are essential for restricting dendritic branching and for accomplishing dendritic tiling and self-avoidance (Fig. 2C) (7) . Mosaic analysis showed that Fry and Trc function cell-autonomously to regulate dendritic branching and tiling in class IV da neurons (7) .
Neurons of different classes often have overlapping dendritic fields, and Fry and Trc are expressed in all classes of da neurons. Therefore, class-specific regulators, such as transmembrane proteins, potentially play a key role in the self-other recognition of da neuron classes and class-specific activation of the FryTrc pathway. Although the transmembrane proteins Dscam and Turtle are involved in dendritic self-avoidance, there is no evidence for functional relationship between Trc/Fry and these proteins (36, 37) . The seven-pass transmembrane cadherin Flamingo (Fmi) is required for dendritic self-avoidance and fmi genetically interacts with fry and trc, suggesting that Fmi is an upstream component of the Fry-Trc pathway for repulsive interactions in dendritic self-avoidance (38) .
The tumour suppressor Hippo (an orthologue of mammalian MST kinases) acts as an upstream kinase of the protein kinases Trc and Warts (an orthologue of mammalian Lats) by binding and phosphorylating them (39, 40) . Genetic analysis revealed that Hippo is required to establish and maintain dendritic tiling of da neurons via activating Trc and Warts, respectively (40) . Components of the target of rapamycin complex 2 (TORC2), namely, Sin1, Rictor and target of rapamycin, are also required for dendritic tiling of class IV da neurons (41) . These components physically and genetically interact with Trc and are required for phosphorylation and activation of Trc. The membrane-anchored form of Trc rescues the dendritic tiling defects in sin1 and rictor mutants, which suggests that TORC2 is involved in dendritic tiling by promoting the membrane targeting of Trc, a critical step for full activation of Trc (41) . Whether Fry is involved in TORC2-mediated Trc activation remains unknown.
Earlier studies proposed that the aberrant crossings of dendrites in fry or trc mutants are caused by a defect in homotypic repulsion. However, recent z-axis image analysis showed that the dendrites of WT da neurons mostly extend in a two-dimensional (2D) plane on extracellular matrix (ECM), but the dendrites of fryand trc-mutated da neurons are frequently detached from the ECM and extend in the apical direction into the epidermal cell layer (42) . These dendrites appear to overlap in a 2D view; however, they are actually located at different depths in the epidermis and are not in direct contact. A similar phenotype is observed in integrin-deficient mutants. Expansion of dendrites into a 3D space in these mutants causes dendritic fields to overlap. Furthermore, fry mutant neurons exhibit normal dendritic repulsion, and overexpression of integrins rescues both dendritic tiling and self-avoidance defects in these mutants. These results indicate that dendritic-crossing phenotypes are caused by unusual detachment of dendrites from the ECM, rather than by a defect in homotypic repulsion. The Fry-Trc pathway may play a role in the confinement of dendrites to the 2D space by promoting their attachment to the ECM, which is essential to ensure precise dendritic tiling and self-avoidance (42) . By contrast, overexpression of integrins does not recover the overbranching phenotype of fry mutants. On the other hand, expression of dominant-negative Rac rescues the overbranching phenotype, but not the dendritic tiling defects, in trc mutants (7) . These results suggest that the FryTrc pathway suppresses dendritic branching and overlapping by inhibiting Rac activity and promoting ECM attachment, respectively. Fry localizes in the cytoplasm and dendrites of da neurons, and moves rapidly in dendrites (31), indicating that the function of Fry in da neurons is supported by its intracellular transport.
Functional Roles of Fry in Vertebrate Cells
As described earlier, genetic studies revealed that Fry plays a critical role in regulating cell polarity, morphology and adhesion in yeast, nematode, and fruit fly. In these organisms, most of the phenotypes in fry mutants are genetically linked to NDR mutations, and the roles of Fry proteins are mostly associated with their functions as the activators or scaffold proteins of NDR kinases. However, in vertebrates, Fry appears to have both NDR kinase-related and -unrelated functions. In this section, we review the roles of Fry in vertebrate cells.
Roles of Fry in chromosome alignment and spindle organization in mitotic cells
The mitotic spindle is an apparatus that is dedicated to the equal separation of sister chromatids into two daughter cells. Bipolar spindle formation and the precise alignment of chromosomes on the metaphase plate underlie proper spindle formation, and defects in this process can cause chromosome segregation errors, genomic instability and diseases, including cancer. Recent studies demonstrated that depletion of Fry, NDR1, or MST1/MST2 causes chromosome misalignment and multipolar spindle formation at metaphase in HeLa cells, indicating that the MST1/2FryNDR1 pathway is required for proper spindle organization ( Figs 2D and 3B) (13, 14, 43) . NDR1 and MST1/2 kinases are activated in mitotic phase (13, 43, 44) , and mitotic activation of NDR1 requires Fry and MST2 (13) . Mouse Fry binds to NDR1 and its regulator MOB2 via the N-terminal (amino acids 1730) and the C-terminal (amino acids 7183020) region of Fry, respectively, and Fry and MOB2 synergistically increase the kinase activity of NDR1 (13) . Moreover, NDR1 is activated by MST1/2-catalyzed phosphorylation of a Thr residue in its C-terminal hydrophobic motif (45, 46) , and chromosome misalignment in MST2-depleted cells is recovered by expression of an active form of NDR1 (13) . Together, these results indicate that Fry-and MST-mediated NDR1 kinase activation is crucial for the fidelity of mitotic chromosome alignment in mammalian cells. Depletion of Fry or NDR1 destabilizes the attachment of kinetochore to MTs (13) . It is suggested that MST1/2 and NDR1 are involved in the maintenance of kinetochoreMT attachment by restricting the kinase activity of Aurora kinase B, which promotes the destabilization of this attachment (43) . In addition to its role in NDR kinase signalling, mammalian Fry also functions in promoting Aurora kinase A (AurKA)-mediated Plk1 activation during mitosis (Fig. 3C) (14) . Fry is phosphorylated at Thr-2516 by cyclin-dependent kinase 1 (Cdk1) in early mitosis, which leads to the binding of Fry to Plk1 through the polo-box domain of Plk1. Fry also binds to AurKA via the C-terminal (amino acids 24003020) region of Fry, and facilitates AurKA-mediated phosphorylation of Plk1 at Thr-210 and its subsequent activation (14, 47) . Fry colocalizes with Plk1 on spindle poles during early mitosis, and depletion of Fry significantly reduces the kinase activity of Plk1 in mitotic cells and the accumulation of Thr-210-phosphorylated Plk1 at spindle poles (14) . This indicates that Fry functions as a scaffold for AurKA-mediated Plk1 activation at spindle poles in early mitosis. Fry depletion causes centrosome and centriole splitting in mitotic spindles (14) . Plk1 contributes to the structural integrity of centrosomes and centrioles by phosphorylating centrosomal proteins, such as Kizuna, Sgo1 and asterassociated protein (4850). Therefore, Fry probably plays a crucial role in the maintenance of spindle pole integrity and spindle bipolarity by promoting Plk1 activation at spindle poles in early mitosis. Plk1 and AurKA phosphorylate the C-terminal region of Fry, and this might be involved in the mitosis-specific functions of Fry and its localization to centrosomes and spindle MTs (see below).
Roles of Fry in MT bundling and acetylation
In mammalian cells, Fry is diffusely distributed in the cytoplasm in interphase but accumulates on separating centrosomes and spindle MTs during prophase to anaphase, and on the distal sections of the midbody in telophase (13) . In vitro MT cosedimentation assays revealed that Fry has the potential to directly bind to MTs via multiple MT-binding sites (13) . A recent study showed that Fry participates in MT acetylation in mitotic spindles (15) . In mitotic cells, spindle MTs are highly acetylated; however, depletion of Fry significantly reduces the level of MT acetylation in the spindle. Fry binds to the tubulin deacetylase Sirtuin 2 (SIRT2) preferentially in mitotic cells. Cell-free assays revealed that the N-terminal region of Fry binds to SIRT2 and this inhibits the tubulin deacetylase activity of SIRT2. Moreover, the reduction in spindle MT acetylation induced by Fry depletion is recovered by SIRT2 inhibition. These results suggest that Fry plays a crucial role in promoting MT acetylation in mitotic spindles by inhibiting the tubulin deacetylase activity of SIRT2 (Fig. 3D) (15) . Fry and SIRT2 localize to spindle MTs in metaphase (13, 51) ; therefore, this interaction is probably favourable for the specific promotion of MT acetylation without affecting SIRT2-mediated deacetylation of other substrates. MT acetylation (acetylation of Lys-40 in a-tubulin) is a post-translational modification that potentially plays roles in MT organization, stability and function, via modulating the ability of MTs to bind to MT-associated proteins and motor proteins or via stabilizing lateral interactions between MT protofilaments (5256). Thus, Fry appears to contribute to the dynamics and organization of MTs in mitotic spindles via binding to MTs and promoting MT acetylation.
In interphase, the N-terminal fragment of Fry localizes to MTs, induces MT acetylation and bundling, and binds to SIRT2; however, full-length Fry is diffusely distributed in the cytoplasm and does not exhibit these activities. By contrast, in mitosis, fulllength Fry localizes to spindle MTs and binds to and inhibits SIRT2 (13, 15) . In addition, Fry binds to NDR1 more effectively in mitosis than in interphase (13) . These results suggest that the abilities of the N-terminal region of Fry to bind to MTs, SIRT2 and NDR1 are masked in the full-length protein during interphase, as a result of intramolecular autoinhibition, and are unmasked during mitosis (Fig. 3A) . As the C-terminal region of Fry is phosphorylated by mitotic kinases, it is plausible that this phosphorylation is involved in relieving autoinhibition of Fry and promoting the binding of Fry to MTs, SIRT2 and NDR1 during mitosis.
Roles of Fry and Fry-like in transcriptional control
Although the yeast, nematode and fruit fly genomes contain only one fry gene, the mouse and human genomes have two fry-related genes, termed fry and fryl (fry-like) (Fig. 1B) . The fryl (also named AF4p12) gene was identified as a fusion partner of the mixed lineage leukaemia (MLL) gene, which encodes a histone methyltransferase, in a patient with treatment-related acute lymphoblastic leukaemia with translocation of t(4;11)(p12;q23) (57) . The fusion protein consists of the N-terminal part of MLL and the C-terminal part of FryL, the latter of which contains a leucine zipper motif and exhibits transcriptional activation potential (57) . A recent study showed that Xenopus Fry plays a crucial role in axis formation during development by inducing expression of chordamesodermal genes (3). Xenopus Fry localizes to both the nucleus and the cytoplasm, and its nuclear localization depends on the C-terminal leucine zipper motifs. Xenopus Fry functions, independently of NDR kinase, as a transcriptional corepressor that represses transcription of the micro-RNA miR-15, which, in turn, downregulates silencing of chordamesodermal genes and thereby induces expression of these genes during embryogenesis (3) . The N-terminal domain of Fry is responsible for its repressor function. These findings suggest that Fry and FryL proteins have the potential to function as transcriptional regulators.
Conclusions and Perspectives
In this review, we have presented current knowledge about the diverse cellular functions of Fry proteins in invertebrates and vertebrates. In many cases, Fry proteins exhibit evolutionarily conserved functions as activators or scaffold proteins of NDR kinases, as seen in the RAM and the MOR pathways in yeast, epidermal and neural cell morphogenesis in C. elegans and Drosophila, and mitotic chromosome alignment in mammalian cells. On the other hand, recent findings on vertebrate Fry proteins provided conceptual advances in our knowledge on Fry functions; Fry proteins exhibit NDR kinase-independent activities, such as the scaffold of AurKA-mediated Plk1 activation, inhibition of SIRT2 to promote MT acetylation in mammalian cells and transcriptional repression in Xenopus embryos. It is intriguing to explore whether these NDR-independent functions are limited to vertebrate Fry proteins, and, if so, how and why vertebrate Fry proteins gain such diverse NDR-independent functions, whereas the structures are considerably conserved during evolution. Fry proteins in fission yeast and Drosophila regulate polarized cell growth and wing hair morphogenesis, respectively, probably by controlling actin reorganization; however, the role of mammalian Fry in actin remodelling remains unknown. By contrast, mammalian Fry binds to MTs and regulates spindle organization, whereas the roles of invertebrate Fry proteins in MT dynamics or spindle organization remain unknown. It also remains unclear whether Fry proteins have diverse and specialized functions, depending on the species and cell type, or whether they have a limited number of common basal functions that regulate apparently diverse processes. Further structural, biochemical and cell biological analyses are required to gain a more comprehensive understanding of the diverse functions of Fry proteins in different species and cell types.
Mammalian Fry proteins play essential roles in MT organization and stability during mitosis; however, the neuronal functions of mammalian Fry proteins have not been elucidated. Interestingly, a large-scale genetic screen identified human fry as a candidate gene, whose nonsense mutation at Arg-1197 causes neurological disorders with autosomal recessive intellectual disability (58) . In addition, NDR kinases mediate apoptosis downstream of tumour suppressor proteins, such as MST/Hippo kinases, and a reduction in NDR kinases causes the development of T-cell lymphoma (10, 59) . However, it has remained unknown whether Fry has a similar function in tumour development. Further studies using knockout and knock-in animals will uncover the roles of Fry in human pathological processes, including tumour progression and neurological and developmental disorders.
